The Dam-directed post-replicatve mismatch repair system of Escherichia coli removes base pair mismatches from DNA. The products of the mutH, mut and mutS genes,among others,are required for efficient mismatch repair. Absence of any of these gene products leads to persistence of mismatches in DNA with a resultant increase in spontaneous mutation rate. To determine the specificity of the mismatch repair system in vivo we have isolated and characterized 47 independent mutations from a mutH strain in the plasmid borne mnt repressor gene. The major class of mutations comprises AT to GC transitions that occur within six base pairs of the only two 5'-GATC-3' sequences in the mnt gene. In the wild type control strain, insertion of the I11 element was the major spontaneous mutational event. A prediction of the Damdirected mismatch repair model, that the mutation spectra of dam and mutH strains should be the same, was confirmed.
INTRODUCTION
Spontaneous base substitution mutations in Escherichia coli probably arise mainly as the consequence of errors introduced into DNA during replication. At least two mechanisms are known which remove base pair mismatches from DNA: proofreading and post-replicational Dam-directed mismatch repair. Proofreading is intimately associated with replication and errors are removed as soon as they arise (1) . The proofreading function is determined by the alpha and epsilon subunits of DNA polymerase III holoenzyme which are specified by the polC and mutD(dnaO) genes respectively (2) . Genetic data support this assignment since mutD mutant alleles confer a strong mutator phenotype and certain polC alleles impart enhanced spontaneous mutation frequencies.
The Dam-directed mismatch repair system removes errors in the newly synthesized daughter DNA strand (for reviews,see [3] [4] [5] [6] [7] .
The discrimination between daughter and parental DNA strands © I RL Press Limited, Oxford, England. 8205 resides in the differential state of methylation of 5'-GATC-3' (Dam recognition) sequences. The daughter strand is thought to be partially undermethylated, whereas the parental strand is fully methylated at these sequences (7) . The differential methylation results in selective repair of the undermethylated strand in a heteroduplex containing a methylated and an unmethylated strand, both in vitro and in vivo. No Dam-directed mismatch repair occurs on fully methylated heteroduplexes containing a susceptible base pair mismatch.
The dam locus of E. coli specifies a DNA adenine methylase which modifies the adenine residue in 5'-GATC-3' sequences (7) . In dam mutant strains, which have unmethylated DNA, strand discrimination for repair should be lost, and half the time the repair mechanism should fix the replication error into the DNA sequence. For example, repair of an A/C (adenine/cytosine) mismatch (where A is in the parental strand) should produce A/T (adenine/thymine) and G/C (guanine/cytosine) base pairs with equal probability and lead to an increased mutation frequency of AT to GC transition mutations. Hypermutability is a characteristic feature of dam mutants, and we have recently determined that the principal class of mutations from a dam-3 strain is base pair transition mutations (8) .
Strains of E. coli which are deficient in Dam-directed mismatch repair should also show a mutator phenotype. The products of the mutH, mutL and mutS genes, among others, are required for efficient repair of mismatched heteroduplexes(3-7). The MutS protein specifically recognizes mismatches in DNA heteroduplexes and the MutH product has weak endonuclease activity in vitro (5) . No function has yet been assigned to the MutL gene product.
In such mut strains the mutation spectrum should be identical to that found in the dam-3 strain if the model for Damdirected repair is correct. That is, an A/C mismatch would not be subject to repair and would yield AT and GC base pairs follo wing chromosome replication. It follows that the increased spontaneous mutation frequency in mut strains should then be principally AT to GC transitions.
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In this paper we show that, indeed, the mutation spectra for mutH34 and dam-3 strains are very similar. This result supports the Dam-directed mismatch repair model (4 Brain Heart infusion broth (Difco; 20 g per liter) containing 40 pg ampicillin per ml was inoculated with about 100 cells per ml and incubated overnight at 37 C. Portions of 0.1-0.3 ml were inoculated onto BH plates containing 40 ag ampicillin per ml and 3.5 pg tetracycline per ml and the plates incubated at 37 C. Single mutant colonies were purified three times on media containing 10 pg tetracycline per ml. Identification of mnt mutants.
Tetracycline-resistant bacteria were lysogenized with lambda immP22 hyl. Lysogens were identified as immune to lambda immP22 hyl but sensitive to lambda vir. Lysogens immune to challenge with lambda immP22 d were considered to harbor plasmid mutations in the Mnt operator while lysogens sensitive to this phage contained mutations in the mnt gene (8, 18) . Isolation of plasmid DNA Plasmid DNA from tetracycline-resistant mnt derivatives of strains GM3135 and GM3136 was isolated (12) and used to transform strain MM294 to tetracycline-resistance. We used this step to ensure that plasmid DNA for sequencing was derived from a single 8207 molecule and because DNA isolated from an endA mutant strain (MM294) gave more consistent DNA sequencing results (13) . Plasmid DNA for sequence analysis was isolated as described by Birnboim and Doly (14) 
RESULTS

Experimental System
The target DNA sequence we have used to monitor spontaneous mutations is the mnt (maintenance of lysogeny) repressor gene of bacteriophage P22 (18) . This gene and part of the arc (antirepressor control) region are present on a pBR322 derivative, pPY97, as a 500 base pair EcoRl-HindIII fragment replacing the 29 base pair sequence of pBR322. This location places the tetA gene under the control of the P22 Mnt repressor which prevents expression from the ant promoter and therefore cells containing the wild type plasmid are tetracycline sensitive. Mutation in mnt or its operator allow transcription from the ant promoter in the operon fusion and enable the plasmid to confer a tetracyclineresistant phenotype on the cell carrying it (Figure 1 (19) .
The remaining 514 tetracycline-resistant variants were assumed to contain mutations in the Mnt operator and were not examined further. Distribution and frequency of spontaneous mutations from the mutH34 strain.
In contrast to the results from the wild type, both the frequency of tetracycline-resistant colonies and their genetic constitution are altered in the mutH34 strain. The frequency to tetracycline-resistance was 52-fold higher, and of these 63% were mapped to the mnt gene. Therefore, isolates containing mutations within the mnt target gene have a high probability of being generated by the presence of the mutH34 allele (63% versus 0.8%). Position of mutations in the mnt !gene from the mutH34 strain Comparison of mutation spectra between dam-3 and mutH34 bacteria Figure 2 displays the AT to GC mutation spectra in the mnt gene from dam-3 and mutH34 strains. The three predominant hotspots at positions +41, +106 and +116, seen previously in the dam-3 mutant, are also present in the spectrum of the mutH cells.
These three hotspots are within six base pairs of the only two 5'-GATC-3' sequences present in the mnt gene. These Dam-recognition sites are located at positions +34 to +37 and +107 to +110. The AT to GC mutations in these three hotspots comprise 87% of all AT to GC mutations identified in the mnt structural gene isolated from the mutH34 strain.
There are some differences in the mutation spectra between the two strains in mutational classes other than AT to GC transitions. For example, no frameshift or transition mutations were identified from the mutH34 strain. This is probably due to the small sample size of mutations analyzed and the relatively low frequency of frameshifts ( Table 2 . Location of mutations in the mnt mutH34 strain.
gene arising in a
Legend as in Table 1. Sample size ,however, does not explain a difference in the GC to AT class between the two strains. The GC to AT class represents 15% and 29% of the total transitions in the dam and fmutH strains respectively. Furthermore, in mutH34 GC to AT transitions are present at positions +53, +110 and +121 (46% of the total) but do not occur at all in the dam-3 spectrum.
DISCUSSION
our results indicate that the principal base pair mismatches which are substrates for the Dam-directed mismatch repair system in vivo, are those leading to transitions, i.e., A/C or G/T. Furthermore, we have shown that the mutation spectra in dam-3 and mutH34 strains are very similar, as predicted by the model (4 (20) have determined the mutation spectrum in mutH34, mutS3 and mutU4 (uvrD) bacteria using the lacI gene as a target. The spectra for all three strains were essentially the same and consisted principally of GC to AT transitions. Although this result seems in contradiction to our own, the lacI system does not monitor AT to GC transitions. Taken together, however, the two studies are in agreement that transition mutations predominate in the absence of Dam-directed mismatch repair.
The AT to GC mutations in the mnt gene isolated from mutH34 cells are clustered in three hotspots close to the only two 5'-8212 GATC-3'sequences in the gene. At present, we do not know the mechanism by which these hotspots arise. We can, however, rule out that methylation of these sequences is involved because of the similarity of the mutation spectra in dam-3 cells, in which DNA is not methylated, and mutH34 in which the DNA is methylated.
The MutH protein has been implicated in genetic experiments to be responsible for strand discrimination during mismatch repair (21) . This is probably because it has weak nuclease activity and cuts DNA at the 5' side of the G in GATC sequences on the unmethylated strand in a hemi-methylated duplex, or on one of the two strands in an unmethylated duplex (5 
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An alternative model for the presence of hotspots is that codons for amino acids of Mnt critical to DNA binding are by chance located close to the 5'-GATC-3'sequences. We are testing this model by constructing derivatives of our mnt plasmid in which either or both 5'-GATC-3' sequences are altered but in which the amino acid sequence is the same as wild type. Once obtained we will assess if the hotspots are present or not in such derivatives.
